Large genomic rearrangements in patients with cystic fibrosis (CF) account for up to 16 -24% of CF alleles negative for point mutations in European populations. Herein, we identified a new large rearrangement removing exon 19 in a young CF patient, who hitherto harbored only the F508del mutation. By using LightCycler technology, we successfully and rapidly delineated the deletion end points by determining the relative copy number of a set CFTR sequence from introns 18 to 19. Fine mapping of the sequences bordering its break points was achieved using direct sequencing. We reported the first complex CFTR rearrangement containing two successive deletion events putatively linked. We evidenced the presence of short direct repeats in the vicinity of the deletions suggesting a possible replication slippage model. In this report, we also discussed the putative molecular mechanism and consequences of this complex gene rearrangement, unprecedented in CF. This complex deletion illustrates the importance of delineating the genomic rearrangement to improve our knowledge of the CFTR mutational spectrum and to better understand the molecular mechanism controlling the CFTR expression.
Introduction
Although short deletions and insertions are frequent, the implications of gross genomic rearrangements in cystic fibrosis (CF) are now well documented. 1 -3 In CF, the most common lethal autosomal recessive disease in Caucasians, B2% of CF mutations, correspond to large deletions, insertions or duplications. Half of these mutations are a simple deletion from one to the whole cystic fibrosis transmembrane conductance regulator (CFTR) gene or complex deletion/insertions (www.genet.sickkids.on.ca/cftr/app). Only two complex deletions have hitherto been identified, including a deletion of 50 kb removing exons 4 -7 and 11 -18 4 and the CFTRdele3 -10, 14b -16. 5 This report focused on the identification of a novel complex gene rearrangement with a deletion of exon 19 in a young CF patient carrying the paternal F508del allele. Another investigation has evoked a deletion of exon 19 in a CF patient, starting 1.5 kb after the last nucleotide of exon 18 and spanning 5279 bp. However, the break point junctions are unsimilar. 6 Here, we presented our successful approach to accurately map the position of the break points. As the use of long-range PCR did not always allow obtaining of results, we next developed a simple and rapid test to refine the deletion end points by using quantitative PCR technology. We also proposed a putative model to explain this double deletion and discussed the potential consequences of exon 19 disruption.
Methods

CF patient
This report focused on a young patient who carried the F508del mutation inherited from her father; the second mutation remained unknown after complete sequencing of the CFTR gene. She presented a classical form of CF. Informed consent to CFTR studies had been obtained earlier from parents at the time of referral.
Search of gross rearrangements in the CFTR gene by semiquantitative fluorescent PCR (SQF -PCR) analysis
To detect large exon deletions and duplications in the CFTR gene, we carried out a robust SQF -PCR assay developed in our laboratory as reported earlier (primers on demand). Table 1 ). The copy number of each part amplified from introns 18 to19 was evaluated. The exact delineation of the deletion was carried out by directsequencing using primers flanking the deletion (noted in bold in Table 1 ).
Familial segregation and epidemiological studies
The presence of the small deletion in the patient and her family was also verified by carrying out a simple PCR using primers Del37 bp (Table 1) . Amplification products were separated by electrophoresis on a 2% agarose gel and visualized by ethidium bromide staining.
To screen the frequency of the small deletion (37 bp), we carried out an epidemiological study in a panel of 190 chromosomes from the control population, 26 from CF patients with only one mutation detected, 90 from 
Results
Identification of the exon 19 deletion and delineation of break-point junctions By using SQF -PCR, we detected a deletion of exon 19 in both the patient's and mother's DNA. We next developed a simple and rapid test to confirm the identified deletion and refine the end points using quantitative PCR technology.
We evaluated the relative copy number of a set of CFTR sequences from introns 18 to 19 (Table 1 ). The copy number of exon 19 was twofold lower in both the patient's and mother's DNA than in the control DNA, confirming the presence of a deletion.
To precisely map the junction fragments of the exon 19 deletion, we carried out direct sequencing assays using primers designed for the qPCR tests and flanking the deletion (Table 1 ). This rearrangement consists of a small deletion of 37 bp located in intron 18, a conserved sequence of 103 bp and a gross deletion of 4260 bp spanning exon 19 (Figure 1a ). This deletion can be written thus: 3601-331_3601-294del37; 3601-189_3849 þ 3822del4260 bp (c.3469-331_c.3469-294del37; c.3469-189_c.3717 þ 3822del4260 bp).
Familial segregation was performed to verify whether the mother harbored the small 37 bp deletion. As observed in Figure 1b , we amplified a 139-bp fragment only when the deletion was present, whereas the 176-bp products correspond to the amplification control. This small intronic deletion has been evidenced only in the patient and in her mother (Figure 1b ). This result evidenced that both deletions are transmitted in cis. To evaluate whether this double deletion results from two independent events in close proximity, an epidemiological study was carried out Novel double deletion in CF M Taulan et al in a panel of 190 chromosomes from the control population and 160 from either CF or CBAVD patients. To date, the small deletion has been identified only in the patient who inherited it from her mother.
Short direct repeats at the end points of the exon 19 deletion To explain the putative molecular mechanism involved in the generation of both deletion events, we used mfold software (http://mobyle.pasteur.fr/cgi-bin/MobylePortal/ portal.py?form ¼ mfold) that predicts the secondary structure of single-stranded nucleic acids. It revealed a hairpin structure potentially formed by the direct TA repeats resulting in the small deletion ( Figure 2 , loop a, left representation). We also proposed another putative looped secondary structure beginning with the two inverted repeats and with 16 out of 37 nucleotides predicted to be paired ( Figure 2 , loop a, right representation). Inspection of the sequence across the large 4260 bp deletion showed the presence of 4-bp direct repeats CTGG (Figure 2, loop b) .
Computer analysis of the sequence internal to two direct repeats in the deletion revealed a potential looped secondary structure near the 5 0 and 3 0 deletion break points.
These hairpin structures were supposed to promote a forward slippage resulting in a deletion.
Discussion
In this study, we reported the mapping of a complex rearrangement involving two discontinuous deletions removing exon 19 in a young CF patient carrying F508del on the paternal chromosome. This mutation corresponds to a double deletion removing 37 bp and 4260 bp with a conserved sequence of 103 bp. Although two other CFTR complex deletions resulting in two genomic disruptions have been reported, 4,5 the two deletion events are not in close proximity. Earlier investigations on other genes identified large rearrangements in which the intervening motif between the two successive deletions represents a small sequence from 7 to 167 bp. 7, 8, 9, 10 However, we cannot rule out the possibility that this double deletion corresponds to two separate mutational events. The 37 bp deletion alone might result in an intronic sequence inclusion involving the creation of a novel exon introducing a frameshift as reported earlier.
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To ascertain that this mutation did not correspond to an unidentified mutation, we carried out a scanning analysis and showed that this small deletion was absent in health controls from the same population. These data strongly suggest that our complex deletion occurred as intrinsically linked events. By using the 'exon-phasing tool' of the UMD software (Universal Mutation Database, http:// www.umd.be), 12 the double deletion described in this report potentially causes an in-frame deletion of exon 19. Figure 2 Mechanism proposed for the formation of both deletions. For the small deletion (loop a), putative hairpin structures generated by either direct TA repeats (noted in bold, left representation) or inverted repeats (noted in bold, right representation) are presented. The double arrow represents the putative break site. For the large deletion (loop b), we presented the direct 4-bp repeats that might promote the splippage mechanism. The horizontal arrows indicate the direction of DNA replication.
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The resulting putative CFTR protein lacks 82 amino acids and thus part of the second nucleotide-binding domain (NBD2), which is involved in CFTR gating by ATP hydrolysis 13 and seems critical for CFTR function.
The presence of direct repeats at the end points of both deletions are now well documented to facilitate the slippage model during replication process. 14, 15 These include consecutive forward replication slippages in cis generating a double deletion as depicted in Figure 2 . Indeed, the presence of short sequence homologies (2 -8 bp) at the junction fragments has been evoked in non-homologous recombinations, such as slippage 15 For all that, this study reaffirms the view that large CFTR deletions are an important cause of CF disease. Additional experiments might allow the provision of essential information on the molecular consequences of these mutations to improve our knowledge of phenotype -genotype correlations and also help geneticists in routine practice to classify the gross CFTR genomic rearrangement.
